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We demonstrate a novel method for the excitation of sizable magneto-optical effects in Au by
means of the laser-induced injection of hot spin-polarized electrons in Au/Fe/MgO(001) heterostruc-
tures. It is based on the energy- and spin-dependent electron transmittance of Fe/Au interface which
acts as a spin filter for non-thermalized electrons optically excited in Fe. We show that after cross-
ing the interface, majority electrons propagate through the Au layer with the velocity on the order
of 1 nm/fs (close to the Fermi velocity) and the decay length on the order of 100 nm. Featuring
ultrafast functionality and requiring no strong external magnetic fields, spin injection results in a
distinct magneto-optical response of Au. We develop a formalism based on the phase of the transient
complex MOKE response and demonstrate its robustness in a plethora of experimental and theoret-
ical MOKE studies on Au, including our ab initio calculations. Our work introduces a flexible tool
to manipulate magneto-optical properties of metals on the femtosecond timescale that holds high
potential for active magneto-photonics, plasmonics, and spintronics.
I. INTRODUCTION
Development of femtosecond laser technology has en-
abled vast possibilities for driving and monitoring optical
properties of media on ultrashort timescales. Enjoying
high potential for the magneto-optical recording applica-
tions [1, 2], ultrafast opto-magnetism routinely employs
magneto-optical response as a tool for the observation
of magnetic states in a photo-excited medium. Initiated
by the discovery of ultrafast laser-induced demagnetiza-
tion [3], ultrafast spin dynamics now considers both local
and non-local electronic processes [4–7]. A concept of
superdiffusive spin transport across metallic layers and
interfaces between them as a relevant mechanism for non-
local spin dynamics in heterostructures was suggested [8],
showing a good agreement with the experimental obser-
vations [9–12].
In particular, the injection of optically excited spin-
polarized hot carriers from a ferromagnetic Fe film into an
adjacent Au layer was evidenced using a magnetization-
sensitive nonlinear-optical technique [10, 13]. The lack of
d -states in the majority sub-band of Fe above the Fermi
energy results in a good matching of the s-p wave func-
tions in both Fe and Au. This leads to a high transmit-
tance of the Fe/Au interface for the majority electrons
whereas for the minority ones (as well as for the major-
ity electrons at lower energies) the average transmittance
is low due to the large density of d-states in Fe. Since
the laser pulse promotes majority electrons in Fe into the
states well above the Fermi energy while leaving Au es-
sentially unperturbed, a sizable flux of hot majority elec-
trons across the interface in strongly excited non-thermal
systems can be expected within the thermalization time
of the electron distribution [13]. Noteworthy, this points
to the generality of the spin filter properties of the noble
metal-ferromagnet interfaces for hot electrons. As such,
unique properties of hot electrons in various metallic sys-
tems [14–17] have been complemented with the ability
to employ the noble metal-ferromagnet interfaces as an
efficient spin filter, thereby opening the door to magneto-
optical characterization of spin properties of buried inter-
faces.
In fact, featuring ultimate time resolution, a new type
of optical probe [13] tackles the problem of experimental
investigations of energy- and spin-dependent electronic
transmittance of interfaces. Importantly, relying on the
(long-range) hot electron spin transport, this non-local
technique is advantageous for probing the electronic and
magnetic state of buried interfaces, as compared to the
established local optical methods. In turn, making use
of the spin filter properties of the interface for the non-
thermalized electrons excited in a ferromagnet, laser-
induced spin injection holds high promise for ultrafast
all-optical manipulation of the transient magnetic state
and magneto-optical response of paramagnetic media.
Yet, the employment of time-resolved magneto-optical
methods as a probe for magnetization requires an un-
conditional relation between the latter and the magni-
tude of the magneto-optical effects on all timescales. In
a number of systems, this assumption has been shown to
break down, often illustrated by the incommensurability
of the transients of the real and imaginary parts of the
magneto-optical Kerr effect [18, 19]. Attributed to the
laser-induced variations of the optical constants owing to
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2the state-filling effect, it makes the determination of the
genuine transient magnetization non-trivial [6]. In light
of these considerations, the characterization of spin filter
properties of buried interfaces employing injection of hot
electrons requires a novel framework wherein transient
variations of magneto-optical signals can be analyzed. In
particular, in the case of spin injection across an interface
from ferro- into a paramagnetic material, the question of
interest is pertinent to the accuracy of probing its tran-
sient magnetization with time-resolved magneto-optical
techniques. It is a priori unclear to what extent the tran-
sient magneto-optical response, originating in the mag-
netic moment injected in the medium, is sensitive to the
distribution of the hot electrons in the reciprocal space.
Reasonable evidences of the robustness of the magneto-
optical response to the energy and momenta of hot elec-
trons can turn magneto-optics into a versatile tool with
ultrashort temporal resolution for the experimental in-
vestigations of (i) energy- and spin-dependent electronic
transmittance of buried interfaces and (ii) transient mag-
netization induced by spin injection in paramagnetic me-
dia.
In this work, we analyze the ultrafast modulation of
the magneto-optical properties of metals based on the
injection of hot spin-polarized electrons from a ferro-
magnet into an adjacent metallic layer. The ballistic
character of the hot electron transport is evidenced by
means of the time-resolved magneto-induced second har-
monic generation (mSHG), previously shown to be sen-
sitive to ultrafast spin currents [13]. Using the conven-
tional time-resolved magneto-optical Kerr technique, we
demonstrate the emergence of sizable magneto-optical ef-
fects from a gold film upon the laser-induced injection of
the spin current pulse from Fe on the timescale of 100 fs.
The magnitude of the effect corresponds to that measured
in an external magnetic field of 6.3 T, according to the
comparison of the magneto-optical coefficient obtained
from our experimental results with that calculated using
the results of Ref. [20]. In our work we introduce a frame-
work for the analysis of the magneto-optical response of
metals where the phase of the complex Kerr angle is key
to the characterization of the magneto-optical properties.
Applying our formalism to Au, we compare our exper-
imental results with those obtained from the ab initio
calculations as well as with other experimental and theo-
retical results known from the literature [20–24]. Demon-
strating striking consistency, the phase of the magneto-
optical constant of Au in all relevant cases was found to
be close to 0 irrespective of the origin of magnetization,
i.e. external magnetic field or spin injection. Our re-
sults thus confirm the applicability of transient magneto-
optics for studying the spin injection and, subsequently,
for the characterization of spin filter properties of buried
metal interfaces. The formalism developed in our work
is applicable to a large variety of metallic multilayers,
where the interlayer spin transport can be expected to
contribute to the transient variations of magneto-optical
response [11, 25–28].
II. TIME-RESOLVED MAGNETO-OPTICS
To study transient magneto-optical properties of Au
upon the spin current injection, we employed the time-
resolved magneto-optical Kerr effect (MOKE) in the back
pump-front probe experimental scheme on a Fe/Au bi-
layer, similar to that used in our other work [10]. Tran-
sient variations of the MOKE response of Au induced by
the injected spins are monitored as a function of the de-
lay between the pump and probe pulses. There are three
basic magneto-optical geometries determined by mutual
orientation of the magnetization ~M , sample surface xy
and plane of incidence xz: transverse ( ~M ||yˆ), longitudi-
nal ( ~M ||xˆ) and polar ( ~M ||zˆ) [29, 30]. In the polar and
longitudinal magneto-optical geometries, the MOKE re-
sults in a change of the polarization state of the incident
light. In the case of a p-polarized probe pulse, the MOKE
leads to an appearance of the in-phase s-polarized wave
(rotation of the polarization, ψ′K) and the out-of-phase
s-polarized component (ellipticity, ψ′′K). Thus, the com-
plete MOKE response can be represented as a complex
Kerr angle ψK with a phase ϕK :
ψK = ψ
′
K + iψ
′′
K = |ψK | · exp(iϕK). (1)
Within the phenomenological description of the linear
magneto-optical response of an isotropic medium, the
local dielectric tensor can be written in the following
form [31]:
εˆ = ε ·
 1 iqmz −iqmy−iqmz 1 iqmx
iqmy −iqmx 1
 , (2)
where
q = q′ + iq′′ = |q| · exp(iϕq) (3)
is a complex magneto-optical Voigt coefficient [32], and
m = m(r) is the local magnetization (which can be inho-
mogeneously distributed in space). Employing the 4-by-4
transfer matrix method [33], for |qm|  1 one can cal-
culate the MOKE response for any arbitrary distribution
of the magnetization [7]. In short, the relation between
vectorial forms of the Kerr angle Ψ = (ψ′K , ψ
′′
K) and the
Voigt constant q = (q′, q′′) can be written as:
Ψ = Wˆ (M) · q. (4)
Here Wˆ is a 2×2 matrix with real elements W22 = −W11
and W12 = W21 determined by the dielectric function
ε and the magneto-optical geometry, and M illustrates
the dependence of Wˆ on the distribution of the magnetic
moment in the medium. The physical meaning of Wˆ is
revealed by:
Wˆ =
∫ d
0
wˆ(z)m(z) dz, (5)
3where the integration is performed element-wise, m(z)
is the spatial magnetization profile in the medium span-
ning from z = 0 to z = d, and the components of the
matrix wˆ(z) represent the partial MOKE contributions
of an infinitely thin layer positioned at a distance z from
the probed surface. As an illustration of the method,
wij(z), calculated for a Au film, are shown in Fig. 1,a.
In the experiments, where the MOKE rotation ψ′K(t)
and ellipticity ψ′′K(t) signals are measured, it is conve-
nient to consider their complex in-depth sensitivity func-
tion wK = (w
′
K , w
′′
K):
wK(z) = wˆ(z) · q, (6)
so that:
Ψ =
∫ d
0
wˆ(z) · qm(z) dz =
∫ d
0
wK(z)m(z) dz. (7)
In the case of a uniform magnetization profile, m(z) ≡M
can be separated from the integrand, thus simplifying
Eqs. (7) to Ψ = M · ∫ wK(z) dz. In time-resolved exper-
iments, modifications of the magneto-optical response of
the medium can originate either in transient variations
of the magnetization profile ∆m(z, t) or in those of the
magneto-optical constant q(z, t) [6], as well as concomi-
tant perturbations of the purely optical response ε(z, t).
Note that both Wˆ and MOKE magnitude |ψK | scale
with the magnetization M inside the Au layer. In the
experiments where an external magnetic field induces
magneto-optical response of dia- and paramagnetic me-
dia, M is proportional to the field strength. At the same
time, in the spin injection experiments, M(r, t) is a priori
unknown, time-dependent, spatially inhomogeneous and
depends on the injection efficiency. For these reasons, to
characterize magneto-optical properties of Au and com-
pare our results with previous works, we consider the
magnetization-independent ratio between the imaginary
and real parts of the complex Voigt constant β = q′′/q′
and its phase ϕq = tan
−1 β. From Eq. (4) one can derive:
β =
W12 · ψ′K −W11 · ψ′′K
W11 · ψ′K +W12 · ψ′′K
. (8)
To illustrate our approach, we have calculated the phase
of the longitudinal MOKE response ϕK in a 60 nm-thick
Au film as a function of the phase of the Voigt coefficient
ϕq for a model magnetization profile m(z) ∝ cosh(z/λ)
(see Fig. 1, a). This spatial profile is reminiscent of the in-
jection of spin-polarized electrons, decaying in Au start-
ing at the Au/Fe interface located at z ≥ 60 nm with a
characteristic depth λ. The MOKE is probed from the
side of the Au surface at z = 0. The false colour plot
in Fig. 1, b shows how the phase of the Kerr angle ϕK
depends on the phase of the Voigt coefficient ϕq and the
characteristic depth of the magnetization profile λ. It is
seen that, if ϕq is considered constant as a material prop-
erty, variations of ϕK in the range of small λ < 15 nm
do not exceed 20◦. Moreover, for larger λ & 15 nm no
FIG. 1: (Color online) (a) Partial contributions wij(z) of
an infinitely thin magnetized Au layer to the longitudinal
MOKE ψK calculated for the photon energy ~ω = 1.5 eV,
angle of incidence of the p-polarized light θinc = 50
◦, and
εAu = −25.7 + 1.6i [34]. The dashed area illustrates a model
magnetization profilem(z) in a thick Au film with varied char-
acteristic depth λ. (b) The longitudinal MOKE phase ϕK
calculated as a function of the magnetization profile depth λ
(see Panel a) and the phase of the complex Voigt constant of
Au ϕq.
changes of ϕK can be expected. As long as λ & 15 nm
holds, transient variations of λ upon propagation of the
spin-polarized electrons in Au cannot alter the phase of
ϕK . As such, we can significantly simplify the calcula-
tions by assuming that the magnetization profile m(z, t)
inside the probed region of the Au film is spatially ho-
mogeneous. This homogeneous, time-dependent magne-
tization profile m(z, t) = M(t) will be used in the further
analysis.
The MOKE probe is complemented here by the time-
resolved mSHG technique developed in our earlier pub-
lications [10, 13]. Being particularly sensitive to sur-
faces and interfaces of the media with inversion symme-
try, this nonlinear-optical technique is more delicate in
terms of data interpretation due to a complex structure
of the mSHG response. The second harmonic (SH) field
E2ω = Ee + Em can be represented as a sum of non-
magnetic or ”electronic” Ee and magneto-induced Em
terms which are independent of and proportional to the
4magnetization M , respectively [35]. In the dipole ap-
proximation, the SHG relies on the inversion symmetry
breaking which is realized either at surfaces and inter-
faces or due to asymmetric distortions in the bulk, such
as gradients of strain, etc. In the absence of the pump
stimulus, the lack of spin polarization in Au ensures
Em = 0. When the spin-polarized electrons injected
across the Fe/Au interface reach the Au surface, they
alter the ”electronic” surface contribution Esurfe and give
rise to the magneto-induced field Esurfm , originating in the
dipole polarization P 2ωi = χ
(2)
ijkE
ω
j E
ω
k +χ
(2,m)
ijk,l E
ω
j E
ω
kM
Au
l ,
where i, j, k, l = x, y, z. It is convenient to quantify the
time-dependent mSHG effects by means of the transient
magnetic SH contrast ρ2ω(t) arising from the interference
of the Ee and Em contributions:
ρ2ω(t) =
I↑2ω(t)− I↓2ω(t)
I↑2ω(t) + I
↓
2ω(t)
=
2EeEm cos ξ2ω
|Ee|2 + |Em|2 , (9)
where I↑2ω(t) and I
↓
2ω(t) are the SH intensities measured
for two opposite directions of the Fe magnetization ~MFe,
and ξ2ω is the phase difference between Ee and Em. Ac-
cording to the symmetry properties of the mSHG at the
surface of an isotropic medium or (001) face of a cubic
material [35], the non-magnetic Ee is p-polarized in the
case of p-polarized probe pulse. The magneto-induced SH
component Em generated by the p-polarized fundamental
radiation is also p-polarized in the transverse magneto-
optical geometry, but s-polarized in the longitudinal one.
For that reason, in order to observe the interference be-
tween Em and Ee, we employed the (p-in, p-out) and (p-
in, 45◦-out) polarization configurations in the transverse
and longitudinal geometries, respectively.
After the laser excitation, the electrons injected into
Au across the inner Fe/Au interface propagate along zˆ
towards the Au surface, thereby breaking the inversion
symmetry and enabling the bulk dipole mSHG [13]. This
flux of hot spin-polarized electrons can be characterized
by a charge current jz [56] and a spin current (SC) j
S
z,σ
in the zˆ direction. Here σ = x, y indicates the orientation
of the spin component governed by the magnetization in
Fe ~MFe which is aligned parallel to yˆ and xˆ in the trans-
verse and longitudinal configurations, respectively. These
currents produce corresponding current- and SC-induced
terms in the nonlinear polarization, χ
(2,C)
ijk E
ω
j E
ω
k jz and
χ
(2,SC)
ijk E
ω
j E
ω
k j
S
z,σ. These terms contribute to Ee and Em,
as the SH fields Ebulke and E
bulk
m [13], respectively. Fi-
nally, the total non-magnetic and magneto-induced SH
field component are Ee,m = E
surf
e,m + E
bulk
e,m , where the in-
terface and bulk counterparts have the same symmetry
and thus cannot be distinguished by employing various
polarization geometries, sample orientations, etc. How-
ever, the relative magnitudes of the bulk and interface
contributions can vary in different magneto-optical ge-
ometries, thereby resulting in a distinct dynamics of the
transverse and longitudinal magnetic SH contrasts ρT2ω(t)
and ρL2ω(t). Although below we will show this behavior
in the Fe/Au bilayers, a detailed analysis of the mSHG
response at the Au surface, including disentanglement
of the bulk spin-current-induced and interface transient-
magnetization-induced contributions and determination
of SC pulse shape, is beyond the scope of this paper and
will be given elsewhere. Retrieval of the SC pulse shape in
Fe/Au/Fe trilayers was discussed earlier [13] along with
the analysis of spin injection across the Fe/Au interface.
In the following, we will focus on the analysis of the tran-
sient MOKE signals using the time-resolved mSHG data
to justify the ballistic regime of the hot electron trans-
port in Au and demonstrate how these two experimental
techniques complement each other.
III. EXPERIMENTAL APPROACH
To achieve steady excitation of SC pulses and con-
trol of their spin polarization, we utilize Au/Fe bilay-
ers grown epitaxially on optically transparent MgO(001)
substrates. Adherence to the substrate cleaning pro-
cedure and favourable film growth conditions facili-
tated epitaxial growth of the samples. In particu-
lar, Fe and the first nanometer of the interstitial Au
layer were evaporated at 460 K under ultrahigh vac-
uum. Then, the samples were cooled down and ad-
ditional Au layers were evaporated at room temper-
ature. The epitaxial growth of Fe and Au films on
MgO(001) results in [001]Au || [001]Fe || [001]MgO and
[010]Au || [110]Fe || [010]MgO [36]. The in-plane [100] and
[010] directions in bcc-Fe correspond to the easy mag-
netization axes. Excellent epitaxial quality and flatness
of the interfaces confirmed by transmission electron mi-
croscopy [10, 13, 37] are essential to maintain efficient hot
carrier transport within the Fe and Au layers and perform
investigation of the spin filter properties of the Fe/Au in-
terface. Another crucial advantage of the high-quality
epitaxial samples is the possibility of a direct comparison
of experimental results with ab initio calculations of the
electron excitation in Fe [10] and the electronic transmit-
tance of the Fe/Au interface [13].
Simultaneous time-resolved MOKE and mSHG mea-
surements were performed using p-polarized 14-fs laser
pulses (Mantis, Coherent) with the repetition rate 1 MHz
and the central photon energy 1.5 eV. They were split at
a power ratio 4:1 into the pump and probe beams incident
at the samples at angles of 45◦ and 50◦ with respect to
the surface normal, respectively. In a back pump-front
probe scheme, pump pulses excited the Fe film, while
probe pulses were used to record the magneto-optical re-
sponses from the Au side of a Fe/Au bilayer (see Fig. 2)
as functions of the pump-probe delay. The fact that the
pump and probe beams are applied from the opposite
sides of the sample represents an important advantage of
this configuration, as it ensures that the probed magneto-
optical signals contain no spurious contributions from
ferromagnetic Fe in the case of a sufficiently thick Au
layer. In an alternative geometry where both pump and
5FIG. 2: (Color online) Experimental scheme for the injection
of the laser-induced spin-polarized electrons into Au. Laser
pump pulse excites hot electrons in a ferromagnetic Fe film,
which propagate into the Au layer across the interface. Due to
the spin- and energy-dependent transmittance of the Fe/Au
interface, the injected hot electrons at elevated energies main-
tain sizable spin-polarization [13]. The induced spin polariza-
tion and spin current in Au are probed with the time-resolved
MOKE and mSHG.
probe beams impinge on a thin ferromagnetic film, a more
complicated analysis is required to retrieve the magneto-
optical constants of a metal film from the experimental
time-resolved MOKE data [6, 7]. Furthermore, the lack
of a direct optical excitation of the Au film minimizes
the laser-induced variations of its optical properties, oth-
erwise originating in the direct laser heating of the elec-
tron and lattice subsystems. As such, the only potential
source of the pump-induced variations of the magneto-
optical Voigt parameter q and the diagonal component
of the dielectric tensor ε of Au is the emergence of hot
spin-polarized electrons with the energy well above the
Fermi level. In the following, however, we will show that
these hot electrons have no significant effect on the op-
tical properties of Au. This means that the transient
MOKE signals are directly proportional to the injected
magnetization in Au, which simplifies the determination
of its genuine magneto-optical constants.
All samples kept at ambient conditions were mounted
in such a way that the two in-plane easy axes of bcc-
Fe films were aligned parallel and perpendicular to the
plane of incidence. The Fe magnetization ~MFe was set
using two pairs of the Helmholtz coils producing mag-
netic field up to 10 mT. This field is insufficient to induce
measurable magneto-optical response from Au in the ab-
sence of the pump pulse [10]. The mSHG output was
spectrally filtered with a monochromator and detected
using a photomultiplier tube. The polarization geometry
with respect to the SH output was set with a polarizer in
front of the monochromator. The MOKE rotation and
ellipticity were measured with the two identical MOKE
detectors in a balanced-photodiode scheme. In order to
obtain the MOKE ellipticity, a quarter-wave plate was
put in front of one of the detectors.
Owing to the in-plane magnetic anisotropy of thin fer-
romagnetic films, in this paper we consider the longitudi-
nal MOKE only. The accuracy of the setup was verified
by measuring the MOKE signals on a reference 32 nm-
thick Fe film. The measured values of the MOKE rota-
tion (ψ′K = 92.1 mdeg) and ellipticity signals (ψ
′′
K = 96.1
mdeg) are in an excellent agreement with the results of
the 4-by-4 matrix calculation method [33] (95.7 and 99.8
mdeg, respectively) using the magneto-optical constants
of Fe from Ref. [38]. Here, the positive direction of the
external magnetic field with respect to the projection of
the wave-vector ~ki of the incident light was chosen such
that both MOKE rotation and ellipticity signals have the
same sign as the scalar product ( ~MFe · ~ki).
IV. EXPERIMENTAL RESULTS
Since our method of determining the magneto-optical
constants of Au largely relies on the spin-polarized trans-
port, we first analyze its character and efficiency in
Au/Fe/MgO(001) structures with moderate Au thick-
nesses. Figure 3,a shows the transient magnetic con-
trasts ρT,L2ω (t) of the mSHG signal and the MOKE el-
lipticity measured on a Fe/Au bilayer with 75 nm of Au
and 8 nm of Fe in the transverse (T) and longitudinal (L)
magneto-optical geometries. Both ρT,L2ω (t) exhibit a sharp
peak at about 60 fs after the laser excitation. However,
on a larger time scale ρT2ω(t) changes its sign, closely re-
producing our previous results [10], while ρL2ω(t) remains
positive. This behaviour is related to the fact that in
different magneto-optical geometries different χ(2) com-
ponents contribute to Em, resulting in unequal interfer-
ence conditions and, consequently, distinct mSHG con-
trast traces ρ2ω(t). Thus, the comparison of ρ
T,L
2ω (t) is
vital for concluding on the sensitivity of the mSHG to
both the spin polarization at the Au surface and the SC
flowing in Au.
The MOKE signal is sensitive to the spin polarization
only, meaning that its appearance corresponds to the
presence of a non-zero magnetic moment in the probed
region adjacent to the Au surface (illustrated by the red
shaded area in Fig. 2). The width of this region is on
the order of the optical penetration depth in Au (≈ 12
nm). Figure 3,b shows transient MOKE signals mea-
sured on a Fe/Au bilayer with 75 nm of Au simultane-
ously with the mSHG. We note that the thickness of the
Au layer is large enough to rule out magneto-optical con-
tributions from the Fe film. It is seen that both ψ′K(t),
ψ′′K(t) peak at about t ≈ 200 fs after the pump excita-
tion. The unipolar shape of both transient MOKE el-
lipticity ψ′′K(t) and rotation ψ
′
K(t) is in agreement with
the conclusions of Ref. [13]: the laser-induced injection
from Fe into Au is dominated by the majority electrons,
while the minority ones are trapped within the Fe film.
The delay between the maxima of the MOKE and mSHG
transients is attributed to the fact that unlike the mSHG,
the MOKE signal measures only the transient magne-
tization and is not sensitive to the SC leading to the
appearance of sharp peaks of ρ2ω(t) [57]. Both mag-
netic mSHG contrasts ρT,L2ω (t) and the MOKE rotation
ψ′K(t) and ellipticity ψ
′′
K(t) signals vanish within the first
6FIG. 3: (Color online) Transient mSHG contrasts ρT2ω (blue
full dots, a), ρL2ω (blue open dots, a) and the MOKE ellipticity
ψ′′K (red full triangles, a and b) and rotation ψ
′
K (black open
triangles, b) measured on a 75 nm-Au/8 nm-Fe/MgO(001)
sample. ρT2ω was measured in the transverse magneto-optical
configuration whereas the other three datasets are obtained
in the longitudinal one. Note the factor -16.3 in the ψ′K(t)
trace.
1 − 2 picoseconds, indicating that the angular momen-
tum of the spin-polarized electrons is either transferred
to the lattice or taken away from the probed region in Au.
The apparent similarity of the decay times of ρT,L2ω (t) and
ψK(t) confirms that the sharp peaks in ρ
T,L
2ω (t) originate
in the SC-induced contributions to the mSHG to which
the MOKE transients are insensitive. In turn, the trailing
part is determined by the spin polarization accumulated
in the vicinity of the Au surface, which is probed by both
magneto-optical techniques.
To verify further the character of the hot electron
transport in Au, we measured mSHG contrasts ρT,L2ω (t)
and the MOKE on several samples with varied Au thick-
ness (see Fig. 4). The negative peak in the transverse
mSHG contrast ρT2ω(t) gradually shallows, while its po-
sition remains proportional to the Au thickness dAu (see
Fig. 5). Similar trends can be observed in the longi-
tudinal mSHG contrast ρL2ω(t). The linear fit shown in
Fig. 5 is indicative of a ballistic character of the hot car-
rier transport, in a full agreement with our previous re-
sults [10]. The slope of this line gives the velocity of the
FIG. 4: (Color online) Transient absolute variations of (a)
transverse and (b) longitudinal mSHG contrasts ∆ρT,L2ω (t),
and (c) the MOKE ellipticity ∆ψ′′K(t) measured on epitax-
ial Fe/Au bilayers with 8 nm of Fe and various thickness of
the Au layer. All curves obtained for dAu = 23 nm are mul-
tiplied by a factor of 0.5 for clarity. The solid black lines in
the panel (c) are the guides for the eye.
hot electrons vAu = (1.3± 0.2) nm/fs, close to the Fermi
velocity vF = 1.4 nm/fs [39]. A small vertical offset at
dAu = 0 (about 8 fs, as obtained from the fit procedure)
is below the experimental temporal resolution of 20 fs.
However, the effect of the build-up of the hot electron
population in Fe by virtue of carrier multiplication resid-
ing on the order of hot electron lifetimes in Fe [40] cannot
be ruled out either.
The time-resolved MOKE traces (see Fig. 4,c) show
similar trends, where the maximum of the MOKE tran-
sient decreases and shifts into larger time delays for
thicker Au films (see Fig. 5). Apparently, a noticeable
contribution of Fe to the MOKE response for smaller Au
thicknesses rules out the determination of the effective
electron velocity as it was done for the SH data. For this
7FIG. 5: (Color online) (a) Positions of the maximum in the
transient MOKE signals (green) and the mSHG contrasts
ρT,L2ω (t) (black) for various Au thicknesses dAu. The solid red
line is a linear fit t = t0 + dAu/v, indicating the ballistic char-
acter of spin transport at least for dAu 6 130 nm. The inset
shows the temporal full width at half maximum (FWHM) of
the MOKE ellipticity signal.
reason, the thickness dependence of the MOKE transients
requires a more intricate analysis and will be performed
elsewhere. Here we merely note that the temporal full
width at half maximum (FWHM) of the MOKE trace re-
mains relatively large for all Au thicknesses (about 500 fs,
see the inset in Fig. 5). This observation is highly con-
sistent with the electron thermalization model for the
injection of hot carriers into Au [13] and the assumption
on homogeneous distribution of the magnetization within
the Au layer (see below).
To summarize our experimental observations, the tran-
sient MOKE and mSHG data confirm efficient transport
of the spin-polarized electrons towards the Au surface for
a wide range of Au thicknesses. The ballistic character of
this transport, demonstrated for dAu 6 130 nm, ensures
low losses of spin polarization upon propagation across
the Au layer. On the other hand, our recent estima-
tions indicate the spin density emitted across the Fe/Au
interface of 7 µB/nm
2 under similar experimental con-
ditions [37], thereby promising a sizable linear MOKE
response of the noble metal produced by the delivered
magnetic moment. For this reason, we expect that injec-
tion of hot spin-polarized electrons is capable of modi-
fying the magneto-optical response of metal films on the
timescales relevant for the ballistic electron transport.
In realistic experimental conditions, i.e. for metal films
with thicknesses not significantly exceeding the ballistic
length (d 6 100 nm in the case of Au) the corresponding
operation rate resides on the subpicosecond timescale.
V. AB INITIO CALCULATIONS
Further insights into the non-equilibrium magneto-
optical response of Au can be obtained from its com-
parison with the static, equilibrium case. To do this,
we calculated ab initio the longitudinal MOKE response
of bulk Au in an external dc magnetic field. Thereto
we first computed the optical conductivity tensor on the
basis of the Kubo linear-response theory. In a single-
particle formulation, suitable for ab initio calculations,
the conductivity tensor reads
σαβ(ω) =
σ0D
1− iωτD δαβ
− i
~V
∑
n 6=n′
f(En)− f(En′)
ωnn′
jαn′nj
β
nn′
ω − ωnn′ + iΓ .(10)
Here ~ωnn′ = En − En′ , where En is the Bloch band en-
ergy, and n represents both the band index and the Bloch
wavevector k, f(E) is the Fermi function, V is the unit
cell volume, and jinn′ is the current operator matrix ele-
ment. These quantities are calculated ab initio within the
Density Functional Theory (DFT) framework in the local
density approximation (LDA) (see Ref. [41] for details).
The first term in Eq. (10) is the Drude conductivity which
originates from the intraband transitions (n = n′) after
the summation over all bands. Although the Drude con-
ductivity σ0D could be calculated ab initio as well, we
prefer to include the Drude term in a phenomenological
way due to its strong dependence on the sample qual-
ity (e.g., scattering on defects and microstructure). The
same holds true for the Drude lifetime τD. We assume a
lifetime broadening Γ = 0.01 Ry (0.136 eV) and, as out-
lined below, two different values of the Drude conductiv-
ity and lifetime, such that the optical constant obtained
in previous experiments [34, 42–44] are well described. In
Fig. 6 we compare the measured and calculated refrac-
tive index of Au, Re[n(ω)]. The experimental spectra are
in a good overall agreement with one another. The cal-
culated spectrum (labeled theory#1) deviates from the
experiments in the region of 1.5 to 2.5 eV. The back-
ground of this deviation is an insufficiency of the LDA
approach that places the filled Au 5d band too high in
energy, i.e., closer to the Fermi energy. A possible way of
improving the spectrum is to use a scissors operation, to
shift the energy bands deeper. An upward shift of 0.6 eV
of the Fermi energy leads to the curve labeled theory#2,
which agrees much better with the experimental data.
Since all the experimental data can be reformulated
in terms of the dielectric tensor, we perform calculations
of this tensor assuming that the Au sample is magne-
tized with an external magnetic field. We performed first
band-structure calculations of gold when it is perturbed
with a magnetic field Hext = 50 T. This magnetic field
induces a magnetization of |M | ≈ 10−3 µB/atom. Using
the resulting electronic structure of the magnetized gold
we calculate the dielectric tensor for two different sets of
parameters (with and without energy shift). The com-
8FIG. 6: (Color online) Comparison of measured and calcu-
lated values of the index of refraction Re [n(ω)] of gold. The
experimental data are taken from Refs. [34, 42–44]. The
theory curves have been computed without an energy shift
(theory#1) and with an energy shift of 0.6 eV (theory#2).
The used Drude parameters were σD = 150× 1015 s−1, τD =
230 Ry−1 (16.9 eV−1) for theory#1 and σD = 240× 1015 s−1,
τD = 360 Ry
−1 (26.5 eV−1) for theory#2.
puted spectra are plotted in Fig. 7. The influence of the
energy shift is clearly visible in the real and imaginary
parts of the off-diagonal tensor element εxy. The linear
scaling of the off-diagonal term of the dielectric tensor
with the induced magnetization, which is in turn linear
in the external magnetic field used in our calculations,
has been verified up to the 500 T field, an order of mag-
nitude larger than those listed in Table I.
The complex Kerr angle ψK in the longitudinal ge-
ometry for p-polarized light can be calculated using the
following equation [30, 45]:
ψK =
iqn¯n0
n¯2 − n20
cos θinc tan θr
cos(θinc + θr)
. (11)
Here θinc and θr are the angles of incidence and refrac-
tion, respectively, n0 is the vacuum refractive index, and
n¯ is the averaged refractive index of Au, n¯ = (n++n−)/2,
where n± are the refractive indices for the right and
left circularly polarized eigenmodes. These can be com-
puted from the dielectric tensor components as (n±)2 =
εxx ± iεxy sin θr [30]. From Fig. 6 it is evident that the
Au index of refraction computed with the scissors oper-
ation corresponds well with available experimental data.
We therefore expect that the magneto-optical quantities
computed under the same assumption will also tally well
with our experimental data. This is indeed the case, as
shown in Table I and discussed further below. We have
calculated ψK ≈ −0.03 + 0.31i at 820 nm wavelength
and θinc = 50
◦, in a good qualitative agreement with the
experimental complex Kerr angle (ψK = −0.03 + 0.47i).
Computing the complex Kerr angle without the inclusion
FIG. 7: (Color online) Calculated dielectric tensor compo-
nents of Au in the presence of an applied magnetic field
Hext = 50 T without energy shift (red lines) and with an
energy shift Eshift = 0.6 eV (black lines). The Drude param-
eters in each case are as given in the caption of Fig. 6.
of the energy shift gives a value of ψK = 0.11+0.36i (cor-
responding to ϕq = 18.5
◦) which is not able to reproduce
the experimental data in a satisfactory way. With the
energy shift included the MOKE ellipticity significantly
exceeds the MOKE rotation in terms of absolute values,
and the signs of these two quantities are opposite. Fur-
ther quantitative discussion and comparison with other
measurements is given below.
VI. DISCUSSION
It is seen in Fig. 3,b that the ratio between the ex-
perimental MOKE ellipticity and rotation ψ′′K/ψ
′
K ≈
−(16.3 ± 0.5) remains constant for t > 100 fs after the
pump pulse. Moreover, this ratio was found to be al-
most independent of the Au thickness. These observa-
tions bring us to two important conclusions.
First, spatial magnetization profile within the probed
region of the Au layer can be considered largely homoge-
neous at delay times t > 100 fs. From Eqs. (6) and (7),
the MOKE signals ψ′K(t), ψ
′′
K(t) are given by the convolu-
tion of their in-depth sensitivity functions w′K(z), w
′′
K(z)
and the spatial magnetization profile m(z). The latter
is given by the transient spin polarization of hot elec-
9trons injected in Au. Taking into account the ballistic
character of the electron transport and their efficient re-
flection at the Au surface, m(z) can be reasonably well
approximated by the exponential in-depth profile exem-
plified in Fig. 1a with λ = λbalAu. As it can be inferred
from Fig. 4, the ballistic length λbalAu is on the order of
100 nm. On the other hand, Fig. 1 demonstrates that for
λ & 15 nm, ϕK does not change with the further increase
of λ, thereby justifying m(z) = const as a good approxi-
mation. The conclusion on a large value of λ is strongly
supported by the observed ψ′′K(t)/ψ
′
K(t) = const (i.e. a
constant MOKE phase ϕK) which is insensitive to the
stretching of the SC pulse with increasing Au thickness.
The approximation m(z, t) = M(t) is also in line with the
relatively long spin emission times (∼ 250 fs [13]) as com-
pared to the electron travel times in Au in the ballistic
regime (t = dAu/v 6 100 fs).
Second, from Eq. (4) it is clear that variations of the
MOKE signals could originate in the modification of ei-
ther the magnetization M or the magneto-optical (Voigt)
coefficient q. The latter is responsible for the so-called op-
tical artifact in the ultrafast MOKE transients observed
in pump-probe experiments [6, 18]. These variations are
attributed to the repopulation of the electronic states and
concomitant modulation of the probabilities of the opti-
cal transitions. We note that despite the absence of di-
rect laser excitation, the lack of ∆q upon spin injection
in Au cannot be assumed a priori. Indeed, if the injected
electrons at elevated energies occupy states which partic-
ipate in the optical transitions monitored by the probe
beam, the phase of q can be modified. However, in this
scenario the subsequent relaxation of the injected non-
thermal electrons would result in the restoration of the
original q which could be observed as a transient vari-
ation of its phase and, consequently, the MOKE phase
ϕK as well. Thus, it is only the constant ratio between
the MOKE signals that justifies the negligibility of ∆q,
allowing us to attribute the transient MOKE response of
Au to the dynamics of its magnetization M(t). As such,
in this experimental configuration the magneto-optical
probe delivers important information on the magnetic
state of the paramagnetic metal even in the strongly non-
equilibrium case, when the electronic system is perturbed
on the ultrafast (femtosecond) time scale.
These conclusions allow the employment of the formal-
ism of Eq. (4) and use our experimental results to quan-
tify the magneto-optical properties of Au (see Table I).
First of all, in its maximum the observed transient abso-
lute MOKE signal |ψK | approaches 0.5 mdeg, about 0.5%
of that measured on a thick Fe film. We thus emphasize
that the spin injection with a pump fluence of 10 mJ/cm2
is capable of producing similar magnitude of the Voigt
vector qM as the application of a magnetic field of about
6 T in the polar MOKE experiments performed by Mc-
Groddy et al. [20]. Further, the employment of inverse
opto-magnetic effects represents yet another method of
enabling magneto-optical activity in noble metals. We
note that assuming usual one order of magnitude dif-
ference between the magnitudes of the polar and longi-
tudinal MOKE effects, our ϕK is comparable with that
obtained at the same level of the pump fluence in the
configuration of the ultrafast inverse Faraday effect [48].
Further, taking the largest transient MOKE ellipticity
ψ′′K(t) and rotation ψ
′
K(t) signals (at around t ≈ 200 fs),
we obtain qAuMAu = (2.9+0.2i)·10−4 and, subsequently,
(since M is real) β = q′′Au/q
′
Au ≈ 0.07, corresponding to
ϕq ≈ 4.2◦. As a result, we found similar values of the ra-
tio β and the phase ϕq to those obtained in previous ex-
perimental works [20, 21] where magneto-optical activity
in Au was introduced by means of an external magnetic
field (denoted as Static in Table I).
In what follows, we shall discuss various approaches to
quantify magneto-optical response of metals. The Drude
model is widely accepted as a reasonable approximation
for the dielectric function of the noble metals in the spec-
tral range far away from the resonances [49]. In their
comprehensive form, the diagonal (εαα) and off-diagonal
(εαβ) components of the Drude dielectric function εαα of
a metal read [31]:
εαα = ε∞ +
ω2pδ
ω2δ2 − ω2c
,
εαβ = i
ω2pωc
ω(ω2δ2 − ω2c )
,
(12)
where ε∞ = 1, ωp =
√
4pine2/m is the plasma fre-
quency of Au, ωc = eB/m is the cyclotron frequency,
m and n are the electron mass and concentration, re-
spectively, and δ = −1− i(ωτ)−1 (τ−1 is the electron col-
lision rate). For rare electron collisions (so that ωτ  1)
and small fields B (ωc  ω), usual εαα = 1 − ω2p/ω2
and εαβ = −iωcω2p/ω3 expressions can be obtained. This
approach allowed Sepulveda et al.[50] to model the vari-
ations of the effective ϕq of Au nanodisks in an external
magnetic field in the vicinity of a surface plasmon reso-
nance. It should be, however, noted that various correc-
tions to Eq. (12) in the form of, for instance, ε∞ 6= 1 have
been introduced [51], allowing Haefner et al. to obtain a
better agreement with the experimental data [21]. How-
ever, it can be shown that the introduction of a nonzero
imaginary part of ε∞ [21] is equivalent to an additional
Lorentzian resonance akin to that used for the interband
transitions. Our calculations show that modifications of
the real and imaginary parts of ε∞ result in very large
variations of β and ϕq in the vicinity of this effective reso-
nance. Moreover, at our wavelength of 820 nm we do not
expect sizeable contributions from the interband transi-
tions in Au. As such, we instead compare our data to
the results of the uncorrected Drude model with ε∞ = 1
and other parameters from Ref. [46], as well as to that of
the analytic Drude-based model with real ε∞ presented
by Etchegoin et al. [22] (Table I). There, it is seen that
both fitting the static experimental data obtained in ex-
ternal magnetic fields and the Drude-based approaches
yield similar results.
Modern magneto-optical theories go significantly be-
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TABLE I: Dielectric tensor components and magneto-optical coefficients of Au.
Source λ, nm Hext, T ψK , mdeg. εαα εαβ × 103 qM × 104 β = q′′/q′ ϕq, deg.
Static
McGroddy et al. [20] 800 1a 0.53 + 0.03i −24.1 + 1.5ib −0.2− 1.1i 0.46− 0.05i −0.11 −6.4
Haefner et al. [21] 632.8 0.2 −c −11.9 + 1.2id −(0.1 + 14.6i) · 10−2 0.12 + 0.01i 0.09 5.2
−(2.4 + 15.1i) · 10−2 0.13− 0.01i −0.06 −3.3
Drude model 820 1 − −34.0 + 1.7ie 1.6 + 16.9i −4.98 + 0.23i −0.05 −2.6
Etchegoin et al. [22] 820 1 − −25.3 + 1.2i 1.23 + 13.0i −5.13 + 0.24i −0.05 −2.6
This work (Theory#1) 820 25f 0.11 + 0.36i −21.5 + 3.2i 0.8− 4.6i 2.1 + 0.7i 0.33 18.5
This work (Theory#2) 820 50f −0.03 + 0.31i −26.0 + 1.72i 0.3− 5.6i 2.1 + 0.26i 0.11 6.8
Dynamic
Hofherr et al. [28] 400 0g −14.8− 8.3i −1.66 + 5.7ib 19.4− 4.9i −32.8 + 14.0i −0.43 −23.0
Choi et al. [23] 785 0g 0.085h −22.9 + 1.4ib −0.02− 0.17i 0.073− 0.004i −0.06 −3.4
This work (exp.) 820 0g −0.03 + 0.47i −25.7 + 1.6ib 0.08− 7.53i 2.9 + 0.2i 0.07 4.2
a The presented polar MOKE signals were normalized by the magnitude of the external magnetic field. The data is
recalculated for 1 T field.
b From Ref. [34].
c Not applicable since transverse MOKE has been measured.
d From fitting the experimental data. The two values of εαβ have been obtained from different experiments.
e Calculated using ε∞ = 1 and ωp = 8.89 eV, τ = 70.88 meV from Ref. [46].
f In our ab initio Augmented-Spherical-Waves framework, the estimation of the magnetic susceptibility of Au
χthmol = −3.8× 10−6 g/mol is about seven times smaller than the experimental value χexpmol = −28.0× 10−6 g/mol [47].
g In the spin injection experiments, a small magnetic field (∼ 10−3 T) is used to set the magnetization of a ferromagnetic
layer. This field alone is incapable of inducing sizeable MOKE signals, which is denoted here as 0.
h The ψ′′K (MOKE ellipticity) signals were below the noise level (5− 10 times smaller than the MOKE rotation ψ′K).
yond the Drude approach, and the importance of spin-
orbit coupling for the MOKE is already well estab-
lished [30]. Without going deep into the microscopic de-
scription, we recall the results of a skew scattering theory
where the off-diagonal conductivity σαβ is given by the
sum of two terms [52]:
σαβ(ω) =
ω2p
4pi
Ω
Ω2 + (1/τ + iω)2
− ω
2
p
4pi
n↑ − n↓
n↑ + n↓
P0
evF
(
1− iω(1/τ + iω)
Ω2 + (1/τ + iω)2
)
(13)
Here, P0 is a maximum macroscopic dipole moment,
n↑, n↓ are the numbers of spin-up and spin-down elec-
trons per unit volume, Ω is an effective frequency ac-
counting for the spin-orbit asymmetric scattering in met-
als with non-zero magnetization [53]. We note that Ω
1/τ  ω is usually assumed (the high-frequency limit),
so that the first term in Eq. (13) acquires the familiar
Drude-like form (cf. Eq. 12 and discussion thereafter) of
−(ωp/ω)2 · Ω/4pi (recall the εαβ = δαβ + 4piiσαβ/ω rela-
tion) if Ω is attributed to the cyclotrone frequency ωc. In
static experiments on para- and diamagnetic metals both
Ω and n↑ − n↓ are proportional to the external magnetic
field B so that the phase of complex σαβ is indepen-
dent of B. Simplifying Eq. (13) in the high-frequency
limit, for the phase of the off-diagonal conductivity we
get |tanϕσ| ∼ ωτ  1. Recalling that εαβ = iqεαα
and neglecting the imaginary part of εαα in noble met-
als far away from the interband transition resonances, the
phase of the magneto-optical coefficient can be estimated
as ϕq ∼ (ωτ)−1  1.
Remarkably, this estimation is in agreement with the
results of both static and dynamic experiments (Table I),
among which we outline the works of Choi et al. [23] and
Kimling et al. [24]. Importantly, relatively long (0.8 ps)
pump pulses responsible for the electronic injection en-
sure effective electronic thermalization during the opti-
cal excitation, so that no electrons at elevated energies
(∼ 1 eV) populate the probed Au region. As such, in
those experiments the magneto-optical response was in-
troduced by already thermalized electrons. There, ~Ω
was attributed to the strength of the spin-orbit coupling
(∼ 0.1 − 1 eV in Au), still resulting in Ω  ωp and,
consequently, ϕq ≈ 0. Note that a strongly non-zero ϕq
found by Hofherr et al. [28] was registered at a probe
wavelength of λ = 400 nm , enabling the contribution
from the interband transitions in Au. More importantly,
the front pump-front probe Complex-MOKE experimen-
tal geometry precludes the unambiguous determination
11
of qAu from the experimentally observed MOKE signals
ψ′K , ψ
′′
K [58]. Finally, Elezzabi et al. [54] do not discuss
the imaginary part of the transient MOKE response ψ′′K ,
thereby ruling out the determination of ϕq.
These results demonstrate that far away from the res-
onances attributed to, e.g., interband transitions, the
magneto-optical response of noble metals (such as Au)
on the ultrafast timescale is determined mostly by the
transient spin polarization and not by the optical state-
filling effects which are often concomitant with the direct
laser excitation. This observation is consistent with the
fact that our calculations of the static MOKE and op-
tical spectra are in agreement with the measurements
presented in Table I. The ab initio calculations labeled
Theory#2 compare sufficiently well with our experimen-
tal results and available data from the literature. To
perform the MOKE calculation, we assumed an equilib-
rium magnetization as induced by a static magnetic field.
Applying an external magnetic field Hext = 50 T in a
self-consistent calculation of the electronic structure, we
obtained a static magnetization of |M | ≈ 10−3 µB per
Au atom. The magneto-optical Voigt vector qM , calcu-
lated for such electronic structure, is in a good agree-
ment with our experimental results and with the MOKE
measurements in a static magnetic field, performed by
McGroddy et al. [20]. However, given that the magneto-
optical coefficients depend linearly on the magnetic field,
comparison of the magnitudes of qM , found using our ex-
perimental results and those from Ref. [20], provides the
actual value of the corresponding magnetic field of 6.3
T (see Table I), while the applied magnetic field used in
our calculations is much larger. Using the reported mag-
netic susceptibility of Au [47], we observe that a magnetic
field Hext = 6.3 T implies a magnetization of the mate-
rial |M | ≈ 10−3 µB/atom, i.e., the same as the one we
calculated with an applied magnetic field B = 50 T in the
band structure method. Using our ab initio Augmented-
Spherical-Waves framework to estimate the magnetic sus-
ceptibility, we obtain χthmol = −3.8 × 10−6 g/mol which
is about 7 times smaller than the experimental value
χexpmol = −28.0× 10−6 g/mol. This difference could occur
due to the fact that we compute only the spin suscepti-
bility and neglect the orbital susceptibility.
The striking consistency between various measure-
ments and calculations of the phase of the magneto-
optical coefficient ϕq is very unlikely to be a mere coinci-
dence. In contrast, we argue that this ϕq is an inherent
material property which can be monitored by the tran-
sient MOKE in the spin injection experiments. Indeed,
it is known that in non-dissipative media the diagonal
and non-diagonal elements of the dielectric tensor (2) are
purely real and imaginary, respectively [55], meaning that
q is real, i.e. ϕq = 0. Taking into account low absorption
at 1.5 eV in Au (well below the interband transitions),
this result is highly consistent with our observations. In-
terestingly, although this reasoning is usually applied to
optically transparent media, our analysis expands it onto
the non-transparent metals where the small absorption is
limited by the electron collision rate, ωτ  1, resulting
in |ε′′αα|  |ε′αα| and |q′′|  |q′|. The presence of hot
electrons in the vicinity of the Au surface reduces the
optical reflectivity by less than 1% and therefore does
not change the above relations. In light of Eq. (10), it
is also hard to expect significant variations of |q|, which
allows to attribute the observed MOKE response solely
to the build-up of spin polarization in Au. Thus, from
the point of view of inducing spin polarization, the in-
jection of hot electrons is equivalent to the application
of the external magnetic field. However, it operates on
much faster timescales governed by the rates of electron
thermalization and transport, well below 1 ps.
The injection is efficient only when the high energy
electrons in an adjacent ferromagnetic layer exist, i.e. be-
fore the equilibration of the electronic subsystem [13]. As
it has been shown for the Fe/Au bilayer, once the laser-
excited electrons in Fe are thermalized, the spin injec-
tion stops, meaning that the interface ceases to function
as an efficient spin filter. As such, laser-induced spin
injection can be envisioned as a powerful tool for the
investigation of the spin properties of buried interfaces.
Owing to the lack of modification of the optical constants
upon laser-induced spin injection, in such time-resolved
MOKE experiments the problem of distinguishing mag-
netism and optics [6, 18] is suppressed. In light of these
considerations, further experimental studies of the spin
injection into para- and diamagnetic metals across var-
ious buried interfaces, as well as a direct comparison of
the spin-injection-induced magneto-optical activity with
and without strong external magnetic fields remain an
attractive perspective.
VII. CONCLUSIONS
To summarize, we have demonstrated spin injection-
induced transient MOKE response from Au on the
subpicosecond timescale. Complementary time-resolved
mSHG experiments on a series of Fe/Au bilayers cor-
roborate the ballistic character of the hot spin-polarized
electrons transport towards the Au surface at least for
dAu 6 130 nm. Employing the transfer matrix approach
for the analysis of the transient MOKE phase, we have
quantified the magneto-optical response of Au. The re-
sults are discussed within the framework of previous ex-
perimental findings and compared to those given by the
Drude model and skew scattering theory, as well as ob-
tained from the ab initio calculations with strong dc mag-
netic fields. Our analysis shows that the MOKE phase
remains highly consistent throughout various measure-
ments, indicating that in the spin injection experiments,
the MOKE transients truly reflect the dynamics of spin
polarization in the probed region. We further outline rich
perspectives of our method in application to the stud-
ies of the electron thermalization dynamics and spin fil-
ter properties of buried interfaces on the subpicosecond
timescale.
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